A dielectric model of electrostatic solvation is applied to describe potentials of mean force in water along reaction paths for: a) formation of a sodium chloride ion pair; b) the symmetric SN2 exchange of chloride in methylchloride; and c) nucleophilic attack of formaldehyde by hydroxide anion. For these cases simulation and XRISM results are available for comparison. The accuracy of model predictions varies from spectacular to mediocre. It is argued that: a) dielectric models are physical models, even though simplistic and empirical; b) their successes suggest that second-order perturbation theory is a physically sound description of free energies of electrostatic solvation; and c) the most serious deficiency of the dielectric models lies in the definition of cavity volumes. Second-order perturbation theory should therefore be used to refine the dielectric models. These dielectric models make no attempt to assess the role of packing effects but for solvation of classical electrostatic interactions the dielectric models sometimes perform as well as the more detailed XRISM theory. Comparison of the predictions of dielectric models with those of other methods in cases where thermal precision in solvation free energis is possible is the goal of this paper. For several molecular complexes we obtain
Dielectric models of electrostatic solvation free energies
The dielectric model we apply is physically viewed as follows (2, 3) .
Attention is focused on a solute of interest. A solute volume is defined on the basis of its geometry. Partial charges describing the solute electric charge distribution are positioned with respect to this volume. For liquid water under the most common conditions it is known that the van der Waals volume of the molecule is a satisfactory choice for the molecular volume (4, 5) . But that is coincidental and elaborations of the theory will have to consider more general possibilities. For the present applications, it is essential that the defined solute volume permit disconnection when the solute fragments are widely separated. We define the solute volume as the volume enclosed by spheres centered on solute atoms. The solvent is idealized as a continuous dielectric material with dielectric constant ε. The value ε = 77.4, appropriate to water at its triple point, is used everywhere below. The solvent is considered to be excluded from the solute volume and that region is assigned a dielectric constant of one, ε = 1. 
Methods. The equation to be solved for the model is
Here G 0 (r, r ′ ) is the Green function for the Poisson equation with ε(r) = 1 and Φ 0 (r) is the electrostatic potential for that case. It is assumed that all the charges of ρ f (r) are positioned in regions where ε(r) = 1. This equation
is correct both for a localized distribution ρ f (r) and zero boundary data on a surface everywhere distant and for periodic boundary conditions on a cell of volume V . G 0 (r, r ′ ) is different in those two cases as is Φ 0 (r). This equation
is not the only such form that can be solved and more general considerations can be helpful. But we do not pursue those issues here.
The integrand of equation 2 is concentrated on the interface between the solute volume and the solvent. We can then use boundary element ideas to solve it (6) (7) (8) (9) (10) (11) . The principal novelty in our numerical methods is that we use a sampling method based upon quasi-random number series (12) to evaluate the surface integral rather than more specialized methods. Advantages of our method are that it facilitates systematic studies of numerical convergence and exploitation of systematic coarse-graining. More specific discussion of numerical methods can be expected at a later date.
With the solution of equation 2 in hand we obtain the desired potential of mean force as
LA-UR-94431 "Models of Charge Displacements in Water" M., Mol. Phys., in press). Most importantly, the contact minimum is much deeper than the simulation results. We note also that the simulation results were obtained for finite concentrations of NaCl. Thus, the large distance behavior of that potential of mean force is influenced by ionic screening.
The dielectric models and this XRISM result conforms to the asymptotic variation expected at infinite dilution.
A particular concern over recent years has been sensitivity of the molecular results for potentials of mean force to modelled intermolecular interactions (15) . c) Nucleophilic attack of HO − on H 2 CO. This example has been previously studied as a prototype of an initial step in the formation and destruction of the peptide unit (19, 20) . We used radii of R O(hydroxide) = 1.65Å, R C = 1.85Å, and R H = 1.0Å, and R O(carbonyl) = 1.60Å, and the partial charges and geometries of Madura and Jorgensen (19) . The results are shown in Figure 3 ); that proposal is discussed below. As an observation preliminary to attempts to parameterize the dielectric model on more basic information, we demonstrate here that reasonable radii can achieve excellent agreement with the data. To do this we adjusted the radii of the hydroxide oxygen to reproduce at a coarse level of calculation the simulation results at a few points along the potential of mean force shown, used a simple interpolation for radii at other points, and observed the variation of the hydroxide oxygen radius.
The adjusted radii are shown in Figure 4 and the results for the potential of mean force are the circles of Figure 3 . This type of comparison can be misleading. Agreement just as good would be achieved even if the model result were physically wrong, e. g., if we had mistakenly done the calculation for acetaldehyde rather than formaldehyde. However, the typical rough expectation for cavity radii for these models is between the van der Waals radius and the distance of closest approach for solvent molecular centers. To the extent that the radii are treated as truly adjustable, the model has more than enough flexibility to match the data with reasonable changes in those radii.
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Discussion
The importance of the dielectric models is that they provide free energies of solvation for cases that are not accessible by alternative methods. The free energies obtained from the dielectric model are quadratic functionals of the charge distribution of the solute. It has been pointed out previously (Pratt, L. R., Hummer, G., and Garcia, A. E., Biophys. Chem., in press). that this indicates that the dielectric models correspond to a modelistic implementation of second-order perturbation theory for the excess chemical potential of the solute. Thus, the successes of dielectric models suggest that secondorder thermodynamic perturbation theory is a physically sound theory for the desired solvation free energy due to electrostatic interactions. But in addition to the Tsecond-orderU limitation, dielectric models also drastically eliminate molecular detail of the solvation structures. This detail can be restored by implementing second-order thermodynamic perturbation theory on a molecular basis. The fundamental formula for that approach is
This approximation has been discussed previously by Levy, et al. (23) This term is generally present, non-zero, dependent upon molecular geometry and thermodynamic state, but the dielectric models assume that it vanishes. Third, the second-order term corresponds to the quantities usually obtained from dielectric models but this formula avoids the classic empirical adjustments of cavity radii. From the perspective of a continuum approach, this second order term incorporates nonlocality of the polarization response of the solution.
In view of the corresponding molecular theory, a natural way to improve dielectric model results is first to obtain molecular results for the secondorder term to better establish the solute volume on a proper molecular basis.
Cavity radii thus determined will be dependent upon the thermodynamic state just as empirical cavity radii must generally be considered functions of thermodynamic state. For example, evaluation of enthalpies by temperature differentiation should include derivatives of the cavity radii with respect to temperature (22) . After definition of that solute volume is better controlled, an alternative source of information on the leading two terms must be developed. At this level, the cavity radii are independent of charges and charge distributions of the solute. Finally, the importance of succeeding terms in the perturbation theory must be assessed (Pratt, L. R., Hummer, G., and Garcia, A. E., Biophys. Chem., in press, Rick, S. W., and Berne, B. J., J. Am. Chem. Soc., in press ). Those succeeding terms are likely to be especially troublesome for circumstances where composition fluctuations are physically important, e. g., for mixed solvents.
We note again that the reactions and models studied here were chosen solely because of the availability of molecularly detailed simulation data and 
